Fig. 1. Tubesheet of a steam generator for the nuclear industry
In the next section, a brief introduction to the different approaches for on-line monitoring of the welding processes is presented. Section 3 provides details about the fundamentals of the plasma emission spectroscopy. Different methods to adapt the spectroscopic approach for welding diagnosis are also proposed, with the aim of real-time defect detection capabilities. The implementation of the sensor system is discussed in section 4, in particular, different solutions to the non-invasive capture of light in a production environment are provided.
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Section 5 presents the results obtained with the different sensor implementations and spectroscopic processing techniques that have been tested in field trials for the monitoring of the tube-to-tubesheet welding process of large steam generators for nuclear power plants. Finally, some conclusions and future lines of work are discussed.
On-line monitoring of the welding processes
The importance of on-line monitoring of the welding processes has been recognised long time ago, even if off-line NDT procedures can not be avoided. Several technologies have been proposed and investigated for this task, with different level of success and commercial adoption. For example, today is very common for automated welding procedures to be guided by seam tracking devices. They are usually based on the projection of a laser line on the workpiece, while a video camera take an image of the surface profile to guide the trajectory of the torch or the laser beam (Bae et al., 2002) . Voltage sensors to automatically adjust the current in arc welding processes are also routinely used. Although these approaches help to improving the quality, there is no real assessment of the resulting quality and the presence of defects in the weld seam. For this task, other approaches have been investigated but not widely adopted in production so far. One possibility is the capacitive sensing between the welding nozzle and the workpiece, which has been investigated in (Li et al., 1996) for the laser welding process in the keyhole regime. This measurement is expected to give a constant value for a uniform seam with constant parameters, and any deviation can be attributed to a potential defect. This technique has demonstrated a detection rate over 95% of common defects like poor penetration, hole formation (as small as 0.1mm), miss-tracking, etc. However, as one single variable is provided and processed, this method makes it difficult to classify and distinguish defects. Acoustic detection gives also real time information about the process. It has been proved that the arc and laser welding produces acoustic emission in the audible and ultrasonic ranges that can be correlated with the onset of defects (Wang & Zhao, 2001) . As with the previous technique, it is however difficult to discriminate among different defects, although a statistical analysis applied to the spectra of sound has demonstrated some success in predicting the weld quality (Gu & Duley, 1996) . Thermography is also a powerful monitoring technique. It offers advantages over classical artificial vision systems in the visible range, as there is a more direct estimation of the temperature distribution over the workpiece, which is clearly a magnitude directly related to the welding quality. A particular case is the single-point temperature measurement, which is a robust approach when used in a production environment, although with limited capabilities (Wikle et al., 2001) . Thermographic imaging (2D) is a better method which provides spatial and temporal resolution , but the availability of robust infrared cameras for the industrial environment is still limited. Plasma optical spectroscopy has also proven to be a promising solution. It extracts rich information about the process from the strong optical emission of the thermal plasma generated by the process. Some of the advantages of this technique are the following: -
The optical spectrum includes a continuum of radiation and emission lines from the atomic species found in the plasma. Both of them (specially the emission lines) offer information about the plasma and therefore about the welding process. As the intensity of the lines is related to the level of participation of the chemical elements (and their ions) in the plasma, and many lines from several elements are typically found even in a short wavelength range, it is possible to derive detailed information about the behaviour of the process. -
The sensor can be a simple non-invasive optical fibre located at a distance from the arc or beam, while the optoelectronic instrumentation can be dozens of metres away in a controlled environment. The instrumentation of a monitoring system comprises a spectrometer and a processing unit. With the proper optics, the end of the optical fibre can be placed also far away from the pool and protected from fumes or projections. -Due to the strong light emission from the plasma, a simple and inexpensive CCD (Charge Coupled Device)-based spectrometer can be used to provide high-speed and real-time analysis of the welding quality. -
The optical fibre is intrinsically immune to the strong electromagnetic interferences (EMI) associated with the welding process. -It does not require any modification of the procedure setup. However, this approach is not free of drawbacks. One is that the classical processing technique of the acquired spectra is the determination of the electronic temperature of the plasma (Te). This involves a series of steps, including the identification and characterization of the emission lines, which require significant processing power. On the other hand, the relationship between Te (and other spectroscopic variables) with the resulting quality is not clear in many cases, and always difficult to model, nevertheless. For that reasons, the works presented in this chapter try to optimize the spectroscopic approach for real-time quality monitoring, including the evaluation of more efficient processing techniques and exhaustive experimental works to improve the detection and classification of defects. Next section introduces the fundamentals of the proposed spectroscopic method and different approaches of spectroscopic analysis.
Spectroscopic methods for on-line welding monitoring
The plasma emission optical spectroscopy is based on the wavelength-resolved analysis of the light generated by the thermal plasma, which is naturally produced by some welding procedures such as arc and laser welding. The "hardware" of the sensor system is simple: it comprises an optical fibre to capture the plasma emission from the process, and a remote spectrometer to obtain spectral-resolved information. The captured spectrum is then processed to obtain relevant information. The common approach when using plasma spectroscopy in a welding sensor and monitoring system is to calculate the plasma electronic temperature Te, as it is known that there is a correlation between the resulting profiles of this parameter and the quality of their associated welds (Poueyo-Verwaerde et al., 1993) . Figure 2 shows the processing steps needed with this "classical" approach of spectroscopic analysis. Determination of Te is typically carried out by means of the information associated with two different atomic emission lines, of the same element in the same ionization stage 21 12 21 21 12
where E m is the upper level energy, g m the statistical weight, A the transition probability, the wavelength, I the emission line relative intensity and the Boltzmann constant. 
where h is the Planck's constant, c is the light velocity, N the population density of the state m and Z the partition function. The representation of the left-hand side of Equation (2) versus E m has a slope inversely proportional to Te. Equation (2) 
The use of Equation (3) is valid when the plasma is in the state known as Local Thermodynamic Equilibrium (LTE) (Griem, 19643) . The condition for LTE is satisfied when T
where N e is the plasma electronic density and ΔE the largest energy gap in the atomic energy level system. Using either a pair of lines or a wider set to calculate the Boltzmann-plot, it is necessary to select and identify the lines for a specific element, and measure their centre wavelength, spectral width and intensity. This is not an easy task due to the presence of noise, overlapping lines, and calibration issues of the spectrometer, which could result in the wrong identification of the atomic element or appreciable errors in the estimation of the light intensity emission. Furthermore, iterative techniques like Levenberg-Marquardt (Robinson et al., 1998) are typically used for peak characterization. However, their high computational cost makes these solutions unsuitable for a real-time monitoring and control system (Ancona et al., 2001 ).
Efficient estimation of the electronic temperature of the plasma
One possibility is the non-recursive and time-efficient analysis of the lineshape. For this task, the linear phase operator (LPO), a sub-pixel technique, has been proposed (Mirapeix et al., 2006) . Figure 3 (left) shows a captured spectrum for a TIG (Tunsgten Inert Gas) welding in which several elements (Iron, Manganese…) have been identified in real time. Once the electronic temperature is calculated, a complete "profile" for the entire seam can be obtained. Both the absolute value and the relative variations of Te give information about the process. For a welding seam with constant parameters, Te is expected to be within a particular range of values; and any unexpected variation can be attributed to a perturbation of the process, and hence to a potential defect. Several statistical analysis techniques have been proposed to detect in real time any possible defect (Ancona et al., 2004 ) (Bebiano & Alfaro, 2009). Fig. 3 (right) shows an example of a temperature profile for a correct weld seam with nominal parameters. In the following sub-sections, several techniques for automatic and real-time defect detection are explored. They try to substitute the estimation of the electronic temperature for a simpler spectroscopic variable, or even to correlate directly the captured (raw) spectra with the occurrence of defects. The aim is the real-time identification of defects with a simple and efficient technique that can be implemented in a real production environment, in particular, for the manufacturing of large steam generator for nuclear power plants.
Spectroscopic analysis based on the background radiation
The background radiation (continuum) is usually ignored or removed from the captured spectrum. It is generated by recombination processes of free electrons and ions, and by the www.intechopen.com
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Bremsstrahlung effect, and does not offer specific information about particular atomic species. However, it can be helpful to simplify the calculation of Te or to detect defects. For example, an alternative method to compute Te is the line-to-continuum ratio method (Bastiaans & Mangold, 1985) . In this case, Te is calculated using the relation between a single emission line intensity (integrated over the line profile) l and the intensity of the adjacent background radiation (non-integrated) I c : 
where Zi is the ion partition function, the free-bound continuum correction, E i the ionization potential and Δ the wavelength bandwidth. Although the calculation of Te is not straightforward and an iterative method is required, the ratio l /I c can be directly used as the monitoring signal, given that there is a direct relation between this quotient and Te. If only this ratio is to be determined, this method is easy to implement as the selected emission line does not need to be identified. However, it has been demonstrated that no all emission lines are good candidates to infer information about the welding process . For that reason, a previous process of line selection using the Sequential Floating Forward Selection (SFFS) algorithm is proposed (García-Allende et al., 2009 ). This algorithm is widely applied to reduce the dimensionality, i.e., the number of wavelengths, of spectral data prior to their interpretation (Ferry et al., 1994) . In this case, previously capture spectra are labelled according to their associated defects, and the optimum spectral band in terms of defect classification is obtained by the algorithm. These wavelengths are then used as the spectroscopic monitoring signal for the process. Once the optimum emission lines are selected a priori, the monitoring task involves the measurement of the emitted light at that particular wavelength with respect to the surrounding background level. Any variation of this ratio for a constant parameters welding can be analyzed and related to a particular defect.
Another possibility for defect detection is the analysis of the shape of the continuum radiation. It has been demonstrated that this background radiation has a wavelength of maximum emission, and this wavelength is fairly stable for a defect-free, constantparameters welding process. Thus, the real-time tracking of this wavelength can be an indicator of defect formation. The implementation of this solution is quite simple, as the only processing requirement is the extraction of the plasma background signal from the acquired spectra. Two different alternatives have been explored in this regard. An initial approach has been carried out by means of a smoothing algorithm, which was already implemented in (Mirapeix et al., 2006) to perform the background subtraction stage. The only parameter to take into account is the size (in spectral bands) of the moving window. Modelling of the plasma background has also been attempted by means of a low-pass filter. A frequential analysis of the welding spectra was initially conducted to remove the contribution of the emission lines. After the filtering process, the resulting background signal is modelled as a blackbody radiation via the Planck function: (7) where T is the temperature that has to be previously obtained by means of 
where max is the wavelength associated with the maximum intensity of the plasma spectrum after the filtering process. Processing needs with this approach are much simplified, as can be seen in Figure 5 with respect to the classical approach of Te estimation . The results obtained in field trials with these two continuum-based methods are presented in section 5.
Spectrum Equalization
Defect detection through the RMS spectroscopic signal
Another alternative has been explored to avoid the use of the plasma emission lines. The plasma RMS (Root Mean Square) signal is determined by considering the spectral intensity of the plasma spectra over a specific spectral window, thus being directly related to the process heat input and behaviour (Mirapeix et al., 2010) . This approach is directly related to other based on the use of photodiodes for process monitoring (Park et al., 2001 ). The processing scheme required for this option is very simple (see Figure 6 ), it may allow fast implementations independently of the particular process and material to be welded, and the obtained results show that there is a good correlation between it and the quality events identified on the seams. 
Direct defect detection by means of artificial neural networks
Finally, we propose another processing technique based on the use of artificial neural networks (ANN) to achieve classification of defects from the raw spectra captured by the spectrometer. This approach is an interesting solution due to the lack of a suitable mathematical model of the welding process and when abundant experimental data is available from the specific welding process to train the network. However, the amount of information to process by the ANN, considering a real-time system, could be a mayor drawback. For example, a typical spectroscopic system consists of 2048 wavelengths (number of pixels of the spectrometer's CCD used), with an average of 50 spectra captured per second. For this reason, it would be desirable to reduce the number of wavelengths to process, which can be done taken into account that not all the spectral lines offer relevant information about the process. Two techniques are proposed for the task of reducing the amount of spectral information that feeds the ANN. The first one is the Principal Component Analysis (PCA), which performs redundancy removal and data compression simultaneously (Workman & Springsteen, 1998) . Performing data compression implies reducing the number of required components, as much as possible, without losing relevant information. This is accomplished by the expression of the captured spectra in a different vectorial basis which is obtained in such a way that the new basis vectors are those directions of the data containing the most relevant information. The result of the process is a smaller data set including most of the information. Selecting a set of about 15 values, a compression rate of 99% is achieved without significant loss of defect detection capabilities . The second technique is the Sequential Floating Forward Selection (SFFS) algorithm already mentioned. One important advantage of SFFS is that the output of this algorithm is a selection of the most discriminant wavelengths, as opposed to PCA, which gives a set of discriminant features that cannot be associated with any particular spectral band. For this reason, by applying SFFS to an experimental set of data from the same welding process, it is possible to automatically select a reduced number of optimum wavelengths to monitor for defect detection. Experiments confirm that the selected wavelengths are those of the significant elements of the material to be welded or those of the shielding gas. In the case of TIG welding of steel with Argon gas, for example, selected wavelengths are typically the emission lines of Iron, Manganese and Argon. It has been demonstrated that the defectdetection and classification capabilities are not significantly reduced even when only 10 wavelengths are supplied to the ANN (García-Allende et al., 2008). The proposed architecture for the ANN is a multilayer feed-forward network with a backpropagation learning algorithm. Its main performance metrics is (apart from computation efficiency for real time applications) the classification error, that is, its ability to give the correct defect indication for a given spectrum at its input. During the training stage, spectra of correct welds and all the possible defects have to be supplied to the neural network. In this step the network iteratively adjusts its parameters (weights and biases) in order to produce an output that matches the expected results. Several experiments have been realized to determine the appropriate number of hidden layers, the number of neurons or processing elements and the topology. ANN topologies with one and two hidden layers and with a number of neurons in each layer from 30 to 50 have been tested. The neurons in all layers have a log-sigmoid transfer function. Figure 7 shows the proposed architecture for an ANN, with five outputs that signal a correct welding or four possible situations: slight lack of penetration, severe lack of penetration, reduction of shielding gas flow and low welding current. The capability of this approach to detect these defects has been tested experimentally in the laboratory on TIG welding of steel plates. A better performance that the analysis of the electronic temperature profiles for defect detection has been found (García-Allende et al., 2009a 
195
In summary, several techniques of spectroscopic analysis offer the possibility of real-time automatic quality assurance of the welding process. In the next section, the implementation of these techniques in a spectroscopic sensor system able to work in a real industrial production environment is addressed.
Spectroscopic sensor implementation for production environments
A spectroscopic sensor, as described above, needs a CCD spectrometer and a processing unit that can be placed far away from the welding point, thanks to the light transmission capabilities of the optical fibre. The generic architecture of a spectroscopic sensor system is shown in Figure 8 . However, one end of the optical fibre must be located close to the generated plasma, and this can be challenging in a real industrial scenario, due to reliability issues, heat, projections, fumes, accessibility of the process and workplace configuration. In laser welding this can be solved by using the optical port usually available at the laser head. In this case, the plasma emission is co-axially captured from the plume through the focusing lens of the laser beam. For arc welding, two non-intrusive solutions for the capture of light have been proposed. The first one is suitable for TIG and MIG torchs, and it is based on the embedding of the bare optical fibre tip in one of the shielding gas nozzle exits. The gas flow has a cooling effect upon the fibre, also preventing possible weld pool projections from interfering with the light capturing process. It has been demonstrated that, although the fibre suffers some external deterioration due to the welding process, the fibre core remains unaffected, and the fibre effectively collects the light even after 100 welding tests (total welding time of 800 seconds). Measurements of the fibre transmission after several welding processes have shown the appearance of some wavelength-dependent losses in the UV region due to the intense plasma radiation. However, although special solarization-resistant fibres could be used to avoid this phenomenon, the effect of these losses is not especially relevant, as the fibres employed in our tests have proved to be suitable for plasma spectroscopic analysis. Figure 9 shows a photograph of one embedded fibre tip in a TIG welding torch and a microscope view of the fibre's end before and after intensive welding trials . Fig. 9 . Optical fibre embedded in a TIG welding torch (left), and view of the fibre's end before and after more than 100 welding trials
The second approach has been developed specifically for orbital TIG welding of tubes to the tubesheet of steam generators. In this case, the welding torch includes a complex mechanism to automatically perform the orbital weld seam over the tube's perimeter. The entire mechanism is enclosed in a protective shield with the shielding gas, being difficult to collect the light from the moving arc with the optical fibre. The proposed solution is depicted in Figure 10 . Two cosine correctors are placed at the end of two optical fibres (silica fibres with a core diameter of 600 m), which are attached to the welding torch trough two holes in the steel case. The cosine-corrector, whose difussing material is Spectralon, is a spectroradiometric optics designed to collect light over 180º, which is of special interest given the moving arc. The light from the two fibres is combined with an optical 2x1 coupler and sent to the CCD spectrometer. Although this optical setup results in some variation of the overall collected light intensity when the electrode moves along the circular path, the relative nature of the spectroscopic processing approach does not affect to the capability of defect detection . In the next section, the results in field trials in a production environment of the proposed spectroscopic sensor system with the different processing approaches mentioned above are presented. 
Field trials in the manufacturing process of steam generators
The above proposed techniques have been tested in the welding trials and qualification of large steam generators for nuclear power plants, in particular, for monitoring and real time defect detection in the tube-to-tubesheet TIG welding process in the facilities of the company ENSA (Equipos Nucleares S.A.) in Maliaño, Spain. The INCONEL-690 tubesheet cladding mock-ups include tubes with a diameter of 19.2 mm and a thickness of 1 mm. The welding system is formed by a Model 227 Power Supply (Arc Machines Inc.) attached to a Model 96 Tube-to-tubesheet automated weld head, designed to perform the required orbital welds, as described above. The welding current was pulsed at 50Hz with a maximum of 60A. Argon and Helium where used as shielding gases, with a mixture of 40% and 60% respectively. The electrode is made of tungsten, and the total duration of the welding process for each tube is about 30 seconds. The light capturing optics consists of two optical fibres (Ocean Optics P600-UV-VIS, 4 metres long) with cosine correctors, an optical coupler, and a CCD spectrometer (Ocean Optics USB2000) with 2048 pixels and a resolution of about 0.2 nm in the range from 195 to 530nm (blue-green zone of the visible spectrum). The results from the application of the different spectroscopic processing techniques described above are presented in the rest of this section.
Welded tube
5.1 Defect detection using the real-time estimation of the electronic temperature of the plasma The spectroscopic processing technique described in section 3.1 has been tested in a production environment with the aim of automatically detect and classify defects occurring during the orbital welding of INCONEL-690 tubes. The example spectrum and the electronic temperature profile of a defect-free weld seam already shown in Figure 3 correspond to these experiments. The initial and final parts of the seam have been removed because welding current is not constant at these points. It can be seen that the value (around 12,000K) is fairly stable, an indication of a correct welding.
In Figure 11 , two defects with their corresponding temperature profile are shown. To the left, a shortage of the shielding gas starts in the middle of the seam, producing a defective welding, which is clearly visible in the Te profile. To the right, one point of the tube's edge has been deliberately contaminated, resulting in a small area of porosities. The Te profile shows a clear indication of this defect.
Defect detection by means of the optical background radiation
As described in section 3.2, the background radiation (continuum) of the plasma emission can b e a n a l y s e d t o o b t a i n w a r n i n g s o f d e f e c t f o r m a t i o n . T h e t r a c k i n g o f t h e w a v e l e n g t h o f maximum emission of the background radiation has also been applied to the tube-to-tubesheet welding process. In Figure 12 , a weld seam is shown with a deliberate defect: the operator produced a perturbation in the shielding gas by blowing into the welding torch head at t ≈ 24 sec. It can be seen a sudden perturbation of the wavelength of maximum background radiation, while its value is stable when no defects are being produced. The constant variation of the wavelength (with negative slope) shown in Figure 12 has not been observed in other experiments with different welding processes, and a possible explanation is that the orbital welding produces variations in the global light intensity captured along the weld seam. This method, not being relative like the Te estimation, is more affected by this problem. The line-to-continuum method, already presented in section 3.2, is a relative method that also takes into account the background radiation. Figure 13 shows one of the experiments in which porosity was formed. The upper graph shows the line-to-continuum ratio for the spectral band of 404.14nm, corresponding to the neutral species Mn I, and previously selected by the SFFS algorithm as a significant wavelength. However, the zone with the porosity (red box) shows no clear indication of the defect. The lower graph, however, corresponds to the wavelength of 422.84nm (ion Fe II) and shows a clear indication of the defect. For that reason, it is important to have previous experimental data to determine the best wavelengths for a particular defect. 
Welded tube
RMS spectroscopic signal as a defect indicator
The real-time calculation of the Root Mean Square (RMS) of the captured spectrum is related to the process behaviour and the heat input, as explained in section 3.3. The capability of this technique to detect common defects has also been tested in field trials for the same welding process (Mirapeix et al., 2010) . In Figure 14 , the resulting RMS profile for a defective weld seam is shown. To the left, a welded tube with a porosity (produced by including contamination in the tube-to-tubesheet interface) is shown. The RMS profile shows a sharp peak associated with this porosity. In addition, the rest of the profile shows periodic perturbations that also indicate that the contamination was also present at that section. In Figure 14 (right), a defect was simulated by disturbing the protection gas flow, thus provoking a clear defective section in the welded tube. There is a correlation between the correct seam (highlighted in green) of the analyzed section and the defective area (red), and their corresponding plasma RMS signals. While the former has an associated plasma RMS profile without perturbations, the latter shows rapid variations of the signal indicating the occurrence of a defect. These experiments confirm that all the spectroscopic processing techniques are able to detect typical defects found in the TIG welding process of tubes for steam generators. Although the field trials have been limited to welding of INCONEL alloys, in-lab experiments with steel plates offer the same performance. In fact, one important advantage of the spectroscopic method is that it is quite independent of the material and the process parameters, provided that the material to be welded is known and appropriate emission lines are selected a priori.
Fig. 14. The real-time calculation of the RMS value of the entire spectrum is able to detect some defects that other methods have trouble with
Conclusions and future works
An optical spectroscopic method for the monitoring of welding processes has been presented. It is based on the capture of the light emitted by thermal plasmas, which is characteristic of the arc and laser welding process. The spectroscopic analysis of the captured light provides rich information about the process behaviour, allowing to detect the occurrence of defects in the weld seam. Such a sensor system consists of an optical fibre to collect the light, a CCD spectrometer and a processing unit. If the monitoring is to be performed in real-time, an important challenge for this approach is how to deal with the amount of generated data, because a typical scenario involves the capture of dozens of spectra per second, each one with thousands of spectral bands. For this reason, several spectroscopic processing techniques that try to optimize the real-time operation and defect-detection capabilities have been presented: an efficient computation of the electronic temperature profile, the analysis of the background radiation, the calculation of the RMS value of the spectrum, and the use of artificial neural networks (ANN) to automatically detect and classify defects from the captured spectra. Those techniques have been validated in the manufacturing of large steam generators for nuclear power plants, in particular, the tube-to-tubesheet welding process. A solution for non-invasive capture of light in the orbital TIG welding process has been proposed, and the capabilities of each technique to detect typical defects in this process have been discussed. Up to some extend, all these method were able not only to detect defects but to discriminate between them, a capability much needed if the monitoring system is to be extended not only to monitor but to control the process. With this approach, some defects could be prevented in real-time. The later represent the main research line for future works: the use of ANN and other techniques to improve the classification of defects in this application and the investigation of ways to control the welding process in real-time once a possible defect is being generated.
